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We present a simple microchip device consisting of an overlaid pattern of

micromagnets and microwells capable of capturing magnetically labeled cells into

well-defined compartments (with accuracies >95%). Its flexible design permits the

programmable deposition of single cells for their direct enumeration and pairs of

cells for the detailed analysis of cell-cell interactions. This cell arraying device

requires no external power and can be operated solely with permanent magnets.

Large scale image analysis of cells captured in this array can yield valuable

information (e.g., regarding various immune parameters such as the CD4:CD8

ratio) in a miniaturized and portable platform. VC 2014 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4885840]

The emergent need for point-of-care devices has spurred development of simplified platforms

to organize cells across well-defined templates.1 These devices employ passive microwells,

immunospecific adhesive islands, and electric, optical, and acoustic traps to manipulate cells.2–6

In contrast, magnetic templating can control the spatial organization of cells through its ability to

readily program ferromagnetic memory states.7 While it has been applied to control the deposition

of magnetic beads,8–13 it has not been used to direct the deposition of heterogeneous cell pairs,

which may help provide critical insight into the function of single cells.14,15 As such, we deve-

loped a simple magnetographic device capable of arraying single cells and pairs of cells with

high fidelity. We show this magnetic templating tool can use immunospecific magnetic labels for

both the isolation of cells from blood and their organization into spatially defined wells.

We used standard photolithographic techniques to fabricate the microchips (see supplemen-

tary material16). Briefly, an array of 10� 30 lm cobalt micromagnets were patterned by a pho-

tolithographic liftoff process and overlaid with a pattern of dumbbell-shaped microwells formed

in SU-8 photoresist (Fig. 1(a)). The micromagnets were designed to produce a predominantly

vertical field in the microwells by aligning the ends of the micromagnet at the center of each

well of the dumbbell. These features were deposited across an area of �400 mm2 (>50 000

well pairs per microchip) (Fig. 1(b)). Depending on the programmed magnetization state with

respect to the external field, magnetic beads or cells were attracted to one pole and repelled by

the other pole of each micromagnet, leading to a biased deposition (Fig. 1(c)).12

To demonstrate the capability of the array to capture cells into a format amenable for rapid

image processing, we organized CD3þ lymphocytes using only hand-held permanent magnets.

We isolated CD3þ lymphocytes from blood via positive selection using anti-CD3 magnetic
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nanoparticles (EasySepTM, STEMCELL Technologies) with purities confirmed by flow cytome-

try (97.8%; see supplementary material16). We then stained 1� 106 CD3þ cells with anti-CD8

Alexa-488 and anti-CD4 Alexa-647 (5 ll of each antibody in 100 ll for 20 min; BD Bioscience)

to determine the CD4:CD8 ratio, a prognostic ratio for assessing the immune system.17,18

Variably spaced neodymium magnets (0.5 in.� 0.5 in.� 1 in.; K&J Magnetics, Inc.) were

fixed on either side of the microchip to generate a tunable magnetic field (0–400 G; Fig. 2(a)).

Using this setup, fluorescently labeled cells were deposited, and the populations of CD4þ and

CD8þ cells were indiscriminately arrayed, imaged, and enumerated using ImageJ. The resulting

CD4:CD8 ratio of 1.84 6 0.18 (Fig. 2(b)) was confirmed by flow cytometry with a high correla-

tion (5.4% difference; Fig. 2(c)), indicating the magnetographic microarray can pattern cells for

the rapid and accurate assessment of critical phenotypical parameters without complex equip-

ment (e.g., function generators or flow cytometers).

More complex operations, such as the programmed deposition of cell pairs, can be

achieved by leveraging the switchable, bistable magnetization of the micromagnets for the

detailed studies of cell-cell interactions (Figs. 3(a)–3(d)).12 For these studies, a 200 G horizontal

field generated from an electromagnetic coil was used to magnetize the micromagnets.19 We

then captured different concentrations of magnetic beads as surrogates for cells (8.4 lm polysty-

rene, Spherotech, Inc.) and found that higher bead concentrations did not affect the capture

accuracy (>95%; see supplementary material16).

FIG. 1. Magnetographic array for single cell analysis. (a) SEM image of the dumbbell-shaped well pairs for capturing mag-

netically labelled cells. (b) Photograph of the finished device. (c) An array of well pairs displaying a pitch of 60� 120 lm

before (top) and 10 min after the deposition of magnetic beads (bottom).
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The opposite side of each micromagnet was then populated with the second (yellow fluo-

rescent) bead by reversing the direction of the applied magnetic field. We tested several field

strengths (i.e., 10, 25, 40, or 55 G) to optimize the conditions for isolating the desired bead in

the opposite well without ejecting the first bead. If the field strength was too large, the previ-

ously deposited beads could be ejected from their wells due to the repulsive magnetic force

FIG. 2. CD8 analysis of CD3þ lymphocytes. (a) Photograph of the magnetographic device activated by permanent magnets

(covered with green tape). The CD4:CD8 ratio determined by the (b) magnetographic microarray and (c) and (d) flow

cytometry was 1.84 and 1.74, respectively.

FIG. 3. Programmed pairing of magnetic beads and CD3þ lymphocytes. (a) Schematic of the magnetographic cell pair iso-

lations. (b) Polarized micromagnets isolate cells of one type to one side in a vertical magnetic field and then cells of a sec-

ond type to the other side when the field is reversed. (c) Fluorescent image of magnetically trapped green stained (top) and

red stained (bottom) cell pairs. (d) SEM image of magnetically labeled cells in the microwells. (e) Capture accuracy of

magnetic bead pairs. (Each color (and shape) represents the field strength of the reversed field.) (f) Change in the capture

accuracy (loss) of initially captured beads after reversing the magnetic field. The capture accuracy of (g) magnetically la-

beled cell pairs and (h) the second magnetically labeled cell (for (e)–(h): n¼ 5; time starts from the deposition of the second

set of cells or beads).
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overcoming gravity.12 As shown in Figure 3(e), increasing the field strength from 10 to 25 G

significantly increased the capture accuracy at 60 min from the deposition of the second bead

(p< 0.01), but increases from 25 to 55 G did not affect the capture accuracy (p> 0.10). As

shown in Figure 3(f), higher field strengths (i.e., 40 and 55 G) resulted in lower capture accura-

cies compared to lower field strengths (i.e., 10 and 25 G) (p< 0.01), which was primarily due

to ejection of the initially captured beads when the micromagnets reversed their polarity.

We then arranged pairs of membrane dyed (calcein AM, Invitrogen; PKH26, Sigma) mag-

netically labeled CD3þ lymphocytes. First, red stained cells (150 ll of 2� 104 cells/ml) were

deposited on the microchip in the presence of 250 G vertical magnetic field. After 20 min, the

field was reversed (i.e., to 40, 55, and 70 G) and green stained cells (150 ll of 2� 104 cells/ml)

were deposited on the microchip with images taken in 10 min intervals. Fluorescence images

were overlaid (Fig. 3(c)) and the capture accuracy of cell pairs was determined (ImageJ).

As seen in Figure 3(g), the capture accuracy of pairs of CD3þ lymphocytes was lower

than that of magnetic beads (Fig. 3(e)). However, as shown in Figure 3(h), the second set of

cells (green fluorescent) exhibited an average capture accuracy of 91.8% 6 1.9%. This indicates

that the lower capture accuracy of cell pairs was either due to the ejection of initially captured

(red fluorescent) cells or the migration of initially captured cells through the connecting chan-

nel, resulting from their relatively high deformability compared to magnetic beads.

In summary, we developed a simple device capable of organizing magnetic particles, cells,

and pairs of cells into well-defined compartments. A major advantage of this system is the use

of specific magnetic labels to both isolate cells and program their deposition. While the design

of this device does not enable dynamic control of the spacing between captured cell pairs as

does some dielectrophoresis-based devices,20 it can easily capture cells with high fidelity using

only permanent magnets and has clinical relevance in the assessment of immune parameters.

These demonstrations potentiate a relatively simple and robust device where highly organized

spatial arrangement of cells facilitates rapid and accurate analyses towards a functional and

low-cost point-of-care device.
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